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Calcareous foraminifera, cosmopolitan unicellular protists, are widely used to reconstruct past 25 environmental conditions, since the chemical composition of the carbonate shells reflect a wide variety 26 of environmental parameters. For instance, the Mg/Ca of foraminiferal shells is primarily determined 27 by seawater temperature (Nürnberg et al., 1996; Allen and Sanders, 1994) and seawater Mg/Ca (Segev 28 and Erez, 2006; Evans et al., 2015) and has been widely applied as a paleothermometer (Elderfield and 29 Ganssen, 2000; Lear et al., 2000) . The use of foraminifera as proxies for the inorganic carbon system in 30 the past (seawater pH, alkalinity, saturation state, etc.) has more recently been added to the foraminiferal 31 proxy tool-box. For example, the concentrations of trace elements in foraminiferal shells, including U 32 (Keul et al., 2013; Russell et al., 2004) , Zn (Marchitto et al., 2000; van Dijk et al., 2017) and B (Yu and 33 Elderfield, 2007) correlates to seawater carbonate ion concentration ), while the boron isotopic 34 composition of foraminiferal calcite used as a proxy for pH (Sanyal et al., 1996) . However, insight in 35 vital effects (Erez, 2003) and inter-specific differences in trace element incorporation (Bentov and Erez, 36 2006; Toyofuku et al., 2011; Wit et al., 2012 ) is needed to increase robustness of these proxies.
37
On the broadest taxonomic scale foraminifera produce tests using either one of two fundamentally 38 different mechanisms. These calcification strategies reflect the evolutionary separation of foraminiferal 39 groups dating back to the Cambrian diversification, from where the imperforate porcelaneous species 40 and perforate hyaline foraminifera, developed independently (Pawlowski et al., 2003) . Previously 41 observed species-specific differences in partitioning and fractionation of elements most likely primarily 42 reflect these differences in calcification strategy, since these offsets are largest between hyaline and 43 porcelaneous species (see for a summary, Toyofuku et al., 2011) . The calcification process of the latter 44 group has been studied more extensively than that of the porcelaneous species (De Nooijer et al., 2014) .
45
Although many aspects of perforate calcification remain unsolved, there is consensus that chamber 46 formation takes place extracellularly, but within a (semi-) enclosed space, generally termed the site of 47 calcification (SOC). The first layers of calcite precipitate on an organic matrix (the POS or primary 48 organic sheet) that serves as a template for the calcite layer that forms the chamber wall (Erez, 2003;  49 Hemleben et al., 1977) . To promote calcification, foraminifera furthermore need to remove Mg ions 50 3 and/or protons (Zeebe and Sanyal, 2002) from the seawater entering the SOC. A number of larger 51 benthic foraminifera form hyaline shells, although the amount of Mg in their shells is often more than 52 10 times higher than that of planktonic and small benthic hyaline species, hence covering a larger range 53 in Mg/CaCALCITE values. The calcification strategy of porcelaneous foraminifera is less well studied, 54 which may be partly explained by their limited application in paleoceanography. Porcelaneous 55 foraminifera use a different mode of calcification (Debenay et al., 1998; De Nooijer et al., 2009;  56 Berthold, 1976; Hemleben et al., 1986) and produce shells without pores (hence, the term imperforate) 57 consisting of tablets or needles (Erez, 2003; Bentov and Erez, 2006; Debenay et al., 1998) . These calcitic 58 needles (2-3µm) are precipitated intracellularly (Berthold, 1976) , after which they are transported out 59 of the foraminifer to form a new chamber (Angell, 1980) . At the outer and inner layers of these 60 chambers, the needles are arranged along the same orientation so that they form an optically 61 homogenous surface, giving it a shiny (hence the term 'porcelaneous') appearance. In general the Mg/Ca 62 values of the shells of porcelaneous foraminifera are high.
63
Remarkably, despite this large biological control, incorporation of minor and trace elements still reflects 64 environmental conditions, in both hyaline and porcelaneous foraminiferal shells. Systematic offsets 65 between different species, interdependence of trace elements incorporated (Langer et al., 2016) and the 66 different response of element incorporation on element speciation (Wit et al., 2013; Keul et al., 2013;  67 van Dijk et al., 2017) 
137
A subsample was analyzed using a commercially available pre-concentration system, SeaFAST S2.
138
With the SeaFAST system elements with low concentrations are pre-concentrated to values above to the experiments and overlapped by the labelled chambers (Fig.2) .
174
All foraminiferal samples were ablated with an energy density of 1±0.1 J/cm 2 and a repetition rate of 6 175 Hz. The resulting aerosol was transported on a helium flow through an in house build smoothing device, 176 being mixed with a nitrogen flow (5 ml/min), before entering the quadrupole ICP-MS (iCAP-Q, Thermo performed on 251 specimens covering eight species cultured in four experimental conditions (see Table   197 9
For these studies we used average seawater E/CaSW to calculate DE (see also supplementary porcelaneous and hyaline foraminifera, E/Ca respond similarly to changes in pCO2 (Fig 3) , suggesting 309 uptake of all these elements is controlled by the same process. However, we observed different inter-310 element relations between hyaline and porcelaneous foraminifera (Fig. 4) Tsien, 1984) , causing accidental transport of these elements into the SOC. How much of a certain 323 element will enter the SOC in this way, depends on 1) the selectiveness of the channels and the 324 characteristics of the transported ions (like atomic radius), 2) the element to calcium ratio in the 325 foraminiferal microenvironment and 3) the concentration gradient between seawater and the SOC. The 326 availability of some free ions, like Ba and Zn, changes as a function of pCO2 due to the formation of 327 carbonate complexes (Fig. 5) . When Zn and Ba form stable complexes with carbonate ions they are no 328 longer available for (sporadic) transport through the Ca 2+ channels, decreasing the availability at the site 329 of calcification and subsequently, incorporation into the foraminiferal calcite. Thus, transmembrane 330 transport of ions by Ca 2+ to the SOC is in agreement with our results (Fig. 3) . 
342
Another proposed ion transport mechanism is seawater endocytosis (Bentov et al., 2009; Erez, 2003) ,
343
in which seawater is vacuolized, altered and then used as a calcifying fluid. The chemistry or elemental 344 composition of the vacuolized seawater or the calcification fluid is in this case depending on the seawater 345 concentration. Inter-species differences would therefore be minimized, as is observed for porcelaneous 346 foraminifera in our study (Fig. 4) . However, this concept cannot explain the overserved changes in
347
Zn/Ca and Ba/Ca as a function of pCO2, which are caused by the speciation of elements in seawater due 348 to changes in the carbonate chemistry (Fig. 5) . inter-species variation in element composition (Fig. 3) , suggesting that this group of foraminifera calcify 367 from a fluid comparable to ambient seawater (Ter Kuile and Erez, 1987) , by e.g. seawater endocytosis 368 (Fig. 6, panel B) with only minor alteration of the elemental composition of the calcifying fluid by ion 369 channels. However, the observed correlation between pCO2 and Ba and Zn (Fig. 3) Eng Sci, 361, 1977 Sci, 361, -1998 discussion 1998 -1979 , 10.1098 /rsta.2003 .1238 , 2003 . Hypothese, Naturwissenschaften, 63, 196-197, 1976 . (Fig. 4) .
